Background-Umbilical cord blood (UCB) is increasingly considered as an alternative to peripheral blood progenitor cells (PBPC) or bone marrow (BM), especially when a HLA-matched adult unrelated donor is not available.
INTRODUCTION
Treatment of high-risk acute leukemia by allogeneic hematopoietic stem cell (HSC) transplantation is an accepted therapeutic strategy. However, lack of HLA compatible sibling donors is a major factor that limits its application in approximately 70% of patients who could otherwise benefit from this treatment. An unrelated HLA matched adult donor is generally considered to be the next best alternative if an HLA matched sibling is not available. 1 HSC may be harvested from bone marrow or, after stimulation of the donor with hematopoietic growth factors, from peripheral blood. Over the past decade peripheral blood progenitor cells (PBPC) has surpassed the use of bone marrow (BM) as the preferred source of allogeneic HSC for adults. Worldwide PBPC collections from unrelated donors numbered 7260 (69%) and BM collections 3221 (31%) in 2008. 2 As of 2008, over 14 million potential unrelated adult donors were registered with the unrelated donor registries worldwide. 2 Still, only approximately 50% of patients of Caucasian descent will have an available and fully HLA matched unrelated adult donor; the probability is lower for non-Caucasians. Additionally, the search and procurement process for adult donors can take weeks to months. Consequently, UCB is increasingly attractive as an alternative to HLA-matched PBPC or BM. 2, 3 Numerous studies have clearly established the limitations and advantages of UCB, particularly in children. [4] [5] [6] [7] We previously performed a comparative analysis of UCB and BM in children with acute leukemia. In that study, we demonstrated that 4-6/6 HLAmatched UCB (HLA-A and -B matching at intermediate resolution and -DRB1 matching at allele-level) provided a similar probability of leukemia-free survival (LFS) relative to matched BM (HLA-A, -B, -C, -DRB1 matched at allele-level). 7 As a result, we concluded that there was no reason to delay transplantation if a 4-6/6 HLA-matched UCB unit with an adequate cell dose was available, especially if an allele-matched unrelated adult donor could not be readily identified. The logical next question was to perform a similar analysis in adults with acute leukemia. While several prior reports have compared outcomes after UCB and BM in adults, 8, 9 these studies were based on less rigorous historical rather than current donor selection practices. Specifically, adult donors are now selected based on HLA matching using allele level typing at HLA-A, -B, -C and -DRB1 10 and a cell dose threshold of 2.5 × 10 7 total nucleated cells/kilogram recipient body weight is considered a standard for UCB grafts. The findings of these early reports differed in that one showed higher transplant-related mortality (TRM) and lower LFS after UCB compared to matched BM transplants 8 and the other 9 similar TRM and LFS after UCB and matched BM transplants. Further, these studies did not compare UCB with PBPC transplants. In the absence of a prospective clinical trial which would be logistically challenging, we used data reported to the Center for International Blood and Marrow Transplant Research (CIBMTR), the European Group for Blood and Marrow Transplantation (EBMT), the Eurocord-Netcord Registry and the National Cord Blood Program (NCBP) at the New York Blood Center for adults with acute leukemia who were transplanted with unrelated donor BM, PBPC or UCB. By evaluating LFS and other transplant outcomes for UCB relative to 8/8 HLA-matched BM or PBPC as the "gold standard" we sought to determine the optimal role of UCB grafts in transplantation for adults with acute leukemia. The results of this analysis could have profound effects on current donor selection practices and future research directions for overcoming identified obstacles.
METHODS

Collection of data
Data on transplantations in the United States were obtained from the CIBMTR (all HSC sources) and the NCBP (UCB only). Data on transplants in Europe were obtained from the Acute Leukemia Working Party of the EBMT (BM and PBPC) and the Eurocord-Netcord registry (UCB only). Two hundred and sixteen transplant centers contributed patients. UCB transplants were done at 76 transplant centers (with 73 centers contributing 1-5 patients). UCB transplants were distributed fairly equally over the 5 year period; 55% of transplantations occurred in 2002-2004 and 45% in 2005-2006 . Adult donor graft transplants were done at 157 transplant centers (with 87 centers contributing 1-5 patients). Seventeen of 216 centers (8%) performed UCB and adult donor graft transplants. Subjects with outcome data reported to more than Registry were identified and counted only once. This study was approved by the Institutional Review Board of the Medical College of Wisconsin (HRRC# 056-87).
Inclusion criteria
Included are patients aged 16 years or older with acute lymphoblastic (ALL) or de novo myeloid leukemia (AML) transplanted with either a single UCB unit or unmanipulated PBPC or BM from an unrelated adult donor. Patients who had received prior autologous or allogeneic transplantation were excluded. Six hundred and thirty-two PBPC and 332 BM recipients were matched with their donors at the allele-level for HLA-A, HLA-B, HLA-C and HLA-DRB1 (8/8 HLA-match) and, 256 PBPC and 140 BM recipients were mismatched at a single allele or antigen (7/8 HLA-match), the accepted standard for these HSC. 10 All UCB units were HLA-typed at the antigen-level (intermediate resolution) for HLA-A and HLA-B and at the allele-level for HLA-DRB1 (the current standard for UCB) and all UCB recipients received a single unit containing a minimum of 2.5 × 10 7 /kg (total nucleated cells) at cryopreservation. Of the UCB donor-recipient pairs, 10 were HLA-matched, 40 were 5 of 6 HLA matched and 115 were 4 of 6 HLA matched. All transplantations were performed in 2002-2006 and used a myeloablative transplant conditioning regimen, identified by total busulfan dose ≥8 mg/kg or total body irradiation ≥1000 cGy.
Endpoints
Neutrophil recovery was defined as achieving an absolute neutrophil count (ANC) of ≥500 cells per cubic millimeter for 3 consecutive days; and platelet recovery as achieving ≥20,000 platelets per cubic millimeter, unsupported by transfusion for 7 days. Both neutrophil and platelet counts were monitored daily until recovery was established. Incidences of grade 2-4 acute and chronic GVHD were based on reports using standard criteria from each transplant center. 11, 12 TRM was defined as death occurring in continuous complete remission and relapse defined as leukemia recurrence based on morphological evaluation supported by reappearance of abnormalities in cytogenetic or molecular analyses. LFS was defined as survival in a state of continuous complete remission.
Statistical analysis
Variables related to patients, disease and transplants (Table 1) were compared among the groups with the use of the chi-square statistic for categorical variables. The probability of LFS was calculated with Kaplan-Meier estimator. 13 Probabilities of neutrophil and platelet recovery, acute and chronic GVHD, TRM and relapse were calculated with the cumulative incidence estimator. 13 The cumulative incidence estimator is used when there are two events for the outcome of interest and the occurrence of one of the events precludes the occurrence of the other. For neutrophil and platelet recovery and acute and chronic GVHD, death without the event was the competing event. For TRM, relapse was the competing event, and for relapse, TRM was the competing event. For analysis of LFS, relapse or death from any cause (i.e., treatment failure) was considered an event. In all analyses, data on patients without an event was censored at last follow-up.
Before comparing outcomes by HSC source, we investigated the potential effect of cell dose on LFS (HR 1.09, 95% CI 0.91 -1.29, p=0.36) and overall survival (HR 1.11, 95% CI 0.93 -1.32, p=0.26) in UCB recipients and found none. 14 As 70% of UCB donor-recipient pairs were 4/6 HLA-matched, it was not possible to examine the effect of number of mismatches on UCB transplant-outcomes. Therefore all UCB recipients were grouped together for multivariate analyses. Cox proportional hazard regression models were constructed for acute and chronic GVHD, TRM, relapse and LFS. 15 Multivariate models were built with the use of stepwise forward selection, using a p-value ≤0.01 (Bonferroni correction) to include variables in the model. Proportional-hazards assumption was tested for each variable individually; all variables met this assumption.
The primary objective was to compare transplant-outcomes according to HSC source (UCB versus PBPC or BM). Results are expressed as hazard ratio [HR] with 95% confidence interval [CI] . The variable for HSC source was held in all steps of model building. The other patient, disease and transplant variables considered were patient age (≤40 vs. >40 years), serologic status with respect to cytomegalovirus in the recipient (yes vs. no), disease (ALL vs. AML), disease status at transplantation (complete remission vs. not in remission), transplant conditioning regimen (total body irradiation (TBI) regimens vs. non-TBI regimens, use of anti-thymocyte globulin (ATG) (yes vs. none vs. unknown). The only covariate with missing data was use of ATG (n=20) and an "unknown" group was created. We also considered year of transplantation (2002-2004 vs. 2005-2006) as supportive care has improved over time and felt it was important to examine for a period effect on transplantation outcomes. Individual covariates were entered as categorical variables (as shown above). Patient age was first tested by decade (Table 1) . Age categories 16-40 years were collapsed to a single category as the age groups 16-30 and 31-40 years were not significantly different (HR 1.26, p=0.08). Similarly, age groups 41-50 and 51-60 years were collapsed (HR 1.01, p=0.96). Therefore, age was tested as ≤40 vs. >40 years. There were no interactions between the variable for HSC source and other significant variables in the final model. The effect of acute and chronic GVHD as time dependent covariates on TRM and relapse was explored using Cox proportional hazards regression to determine whether TRM or relapse risks vary amongst the HSC sources. There were no significant center effects detected using the random effect model. 16 All p-values are two-sided. Analyses were done with SAS software (version 9.1, Cary NC).
Role of funding source
The funding sources had no role in the study design, data analysis, data interpretation, or writing of this report. The corresponding author had full access to all data and final responsibility for decision to submit for publication. Table 1 shows patient and transplant characteristics. Overall, UCB recipients were younger (median age 28 years versus 33 and 39 years for recipients of BM and PBPC, respectively, p<0.01). UCB recipients were more likely to have ALL (54%, p=0.01), receive a non irradiation-containing conditioning regimen (45%, p=0.01) and anti-thymocyte globulin (72%, p<0.01). Stage of disease at the time of transplant was similar between groups. After 2004, PBPC was the most commonly used HSC source. The median follow up of surviving BM, PBPC and UCB recipients was 26 months (range 3 -68), 24 months (range 3 -65) and 29 months (range 3 -76), respectively.
RESULTS
Characteristics
Hematopoietic recovery
Recovery times in recipients of PBPC and BM were significantly faster that that observed in recipients of UCB ( Figure 1A and 1B) and recovery times in recipients of PBPC faster than BM. Median times to neutrophil and platelet recoveries after PBPC transplant were 14 and 19 days, respectively and 19 and 28 days after BM transplant. Median times to neutrophil and platelet recoveries after UCB transplant were 24 days and 52 days, respectively. In all treatment groups, neutrophil recovery was slower with non-TBI regimens (HR 0.86, 95% CI 0.77 -0.96, p=0.01). Neutrophil recovery by day-42 was inferior in recipients of UCB (80% p<0.0001) as compared to that in recipients of 8/8 and 7/8 HLA matched PBPC (96%) and BM (93%) which were similar to each other (p=0.02).
Acute and chronic graft-versus-host disease
Grades 2-4 acute GVHD and chronic GVHD were significantly lower after transplantation of 4-6/6 HLA matched UCB compared to either 8/8 or 7/8 HLA matched PBPC (Table 2) . Acute and chronic GVHD were also significantly lower after transplantation of 4-6/6 UCB compared to 7/8 HLA matched BM. In contrast, chronic GVHD but not acute GVHD was lower after transplantation of 4-6/6 HLA matched UCB compared to 8/8 HLA matched BM ( Table 2) . Regardless of HSC source, acute GVHD (HR 0.60, 95% CI 0.49 -0.74, p<0.0001) and chronic GVHD (HR 0.47, 95% CI 0.38 -0.58, p<0.0001) were lower in those treated with ATG as part of the conditioning regimen.
Transplant-related mortality
TRM was significantly higher after 4-6/6 HLA matched UCB transplants compared to 8/8 HLA-matched PBPC and BM transplants with most events in the UCB group occurring within 6 months after transplantation (Table 2, Figure 2) . TRM risks were similar after transplantation of 4-6/6 HLA matched UCB and 7/8 HLA matched PBPC and BM. Independent of HSC source and HLA match, TRM risks were higher in patients who were not in remission compared to patients in remission at transplantation (HR 1.53, 95% CI 1.24 -1.89, p<0.01) or aged >40 years compared to those aged ≤40 years (HR 1.33, 95% CI 1.09 -1.61, p=0.01).
As UCB recipients tended to be younger than recipients of adult donor grafts we performed a subset analysis excluding the 83 patients who were aged 16-18 years at transplantation (BM matched n=30; BM mismatched n=8; PBPC matched n=15; PBPC mismatched n=4; UCB n=26). Consistent with the main analyses, TRM was higher after transplantation of UCB compared to 8/8 HLA matched BM and PBPC (Web Table 1 ).
Regardless of HSC source, TRM was higher in patients with acute (HR 2.09, 95% CI 1.71 -2.55, p<0.01) and chronic GVHD (HR 1.59, 95% CI 1.91 -2.13, p=0.02). Among those with acute GVHD, TRM risks were not different in UCB recipients compared to 8/8 HLA matched PBPC and BM (HR 1.37, 95% CI 0.82 -2.32, p=0.22 and HR 1.75, 95% CI 0.30 -0.96, p=0.07, respectively). Similarly, among those with chronic GVHD, TRM risks were not different in UCB recipients compared to 8/8 HLA matched PBPC (HR 1.67, 95% CI 0.84 -3.29, p=0.14) and 8/8 HLA matched BM (HR 1.61, 95% CI 0.76 -3.38, p=0.21).
Relapse
Leukemia relapse was similar in all treatment groups (Table 2 ). However, relapse was higher in patients who were not in complete remission compared to those in complete remission at transplantation (HR 3.67, 95% CI 3.06 -4.40, p<0.0001). Patients with chronic GVHD had lower risks of relapse (HR 0.68, 95% CI 0.53 -0.87, p<0.01), regardless of HSC source. Among those with chronic GVHD, relapse risks were similar after UCB and 8/8 HLA-matched PBPC and BM (HR 1.11, 95% CI 0.48 -2.59, p=0.81 and HR 1.00, 95% CI 0.41 -2.49, p=0.99, respectively).
Leukemia-free survival
LFS was similar regardless of HSC source (Table 2, Figure 3A, 3B ). This result also held when examined separately for each disease status (Web Table 2 ). Disease status was the only factor associated with LFS and independent of HSC source. Furthermore, outcomes were unchanged even if we restricted UCB recipients to those with a 4/6 HLA match, the dominant subset (Web Table 3 ). Patients who were not in complete remission had higher treatment failure compared to those in complete remission (HR 2.50, 95% CI 2.18 -2.86, p<0.0001). LFS was also similar when we restricted the analysis to patients older than 18 years (Web Table 1 ). The causes of death that occurred during the first 100 days and thereafter are shown in Tables 3A, 3B . While 40-50% of early deaths were due to infections and organ failure, recurrent leukemia was the most common cause of death in all groups.
Patient characteristics and HSC sources
Disease status was the only characteristic associated with relapse after transplantation and LFS. TRM was associated with age at transplantation and disease status. The sole potentially modifiable characteristic is disease status in that physicians may be able to perform transplantation in remission before disease progression. Age is not a modifiable factor. Therefore, when assessing the risk of TRM for any patient there are three potential risk categories, independent of HSC source. Low risk (patients aged ≤40 years and in remission; HR 1.00), intermediate risk (patients aged ≤40 years and not in remission or patients aged >40 years and in remission HR 1.23, p=0.05) and high risk (patients aged >40 years and not in remission HR 2.17, p<0.0001).
DISCUSSION
Our primary objective was to evaluate the three most commonly used sources of allogeneic HSC using standard donor selection criteria. After adjusting for differences between cohorts, to our knowledge this is the first analysis that demonstrates similar LFS in recipients of 4-6/6 HLA-matched UCB as compared to 8/8 HLA matched and 7/8 HLA matched PBPC and BM. These observations confirm UCB as an acceptable alternative to 8/8 and 7/8 HLA matched PBPC and BM. These results are particularly remarkable in view of the fact that 70% of UCB transplants were mismatched at two HLA-antigens. However, TRM is higher after 4-6/6 HLA matched UCB compared to 8/8 HLA matched PBPC and BM despite lower probabilities of acute and chronic GVHD. This report differs from previous reports in that it is focused on the way allogeneic adult and UCB HSC are selected in 2010 -namely, the use of allele-level HLA matching for adult donor allografts and a lower cell dose limit of 2.5 × 10 7 /kg for a single UCB unit. Furthermore, we also evaluated outcomes in recipients of 8/8 and 7/8 HLA matched PBPC in addition to BM, as PBPC now represents the most commonly used graft source (approximately 70%) in Europe and U.S. Earlier reports 8, 9 that compared UCB and BM for adults with leukemia did not consider matching at the HLA-C locus which is now known to affect survival after BM transplantation and the more recent report 17 This report differs from the one in children 7 in that we could not evaluate the effect of UCB HLA match on the various outcomes as too few patients had a close HLA match (i.e. 6/6 HLA match). While the prior analysis suggested that 6/6 HLA matched UCB was associated with lower risks of TRM, the findings here are consistent with those in children who received 4-5/6 HLA matched UCB. Furthermore, as in other reports in adults, no specific cell dose could be identified that resulted in a survival advantage. 8, 9, 17 It is possible that this reflects the relatively narrow range of cell doses with a single UCB unit. Future studies with larger numbers of patients with greater numbers of matched and mismatched donor-recipient pairs and wider range in cell doses infused might permit a more refined analysis on the effects of HLA match and cell dose in adults as well as children.
Consistent with others 18 we observed a protective effect of chronic GVHD in preventing recurrent leukemia. To our knowledge, this is the first time such an association has been made with UCB as the HSC source. Though, acute and chronic GVHD are relatively uncommon after UCB transplantation, particularly when compared with allogeneic PBPC, this complication accounted for approximately 20% of deaths after UCB and PBPC transplants implying the severity of GVHD does not differ by HSC source. Whether the absence of chronic GVHD offers a difference in long term survival or health quality of life are topics for future studies.
A major limitation to the use of UCB is the availability of sufficient numbers of hematopoietic precursor cells for hematopoietic recovery. 4, 5, [7] [8] [9] 17, 19, 20 Several strategies for reducing the period of neutropenia being explored may lead to lower early mortality and potentially improved LFS. 21 These include transplantation of two UCB units if a single UCB unit with an adequate cell dose cannot be identified, ex-vivo expansion culture to augment the number of HSC and progenitors in the UCB graft, co-infusion of T-cell depleted haploidentical PBPC to bridge the period of neutropenia, injection of UCB cells directly into the patient's bone marrow to reduce non-specific losses of HSC as well as improve homing of HSC and progenitor cells. If successful, the effectiveness of UCB as a source of HSC for allogeneic transplantation could be enhanced. [22] [23] [24] [25] [26] [27] As the number of double UCB transplants increase over time, it is likely that future studies will address the relative risks and benefits of single versus double UCB transplantation.
As with all observational studies, this study has limitations. Choice of intervention, in this case HSC source, is often governed by a complex list of unmeasured factors that can potentially influence outcome, such as time to transplant that may be delayed for recipients of unrelated adult donor grafts. Although we adjusted for known risk factors, only a randomized trial comparing the different allogeneic HSC sources could exclude potential selection bias. While several groups have seriously considered such a trial, the logistics are formidable. Whereas UCB is principally limited by cell dose criteria, use of PBPC or BM is limited by HLA matching requirements and urgency of transplantation. Only an estimated 25% of adults will be able to find a suitable single UCB unit and studies on the safety and effectiveness of double UCB unit transplants are underway to address the cell dose obstacle. Therefore, in the absence of a randomized clinical trial, these data support the use of 4-6/6 HLA matched unrelated UCB and use of 7/8 HLA matched unrelated adult donor in the treatment of adults with acute leukemia when an 8/8 HLA-matched unrelated adult donor is lacking and use of UCB as first line therapy when transplant is urgently needed. The probabilities of leukemia-free survival by HSC source and donor-recipient HLA-match, adjusted for disease status at transplantation: the 2-year adjusted probability of leukemiafree survival after transplantation of 4-6/6 HLA matched UCB, 8/8 HLA matched PBPC, 8/8 HLA matched BM, 7/8 HLA matched PBPC and 7/8 HLA matched BM was 33%, 39%, 41%, 34% and 34%, respectively. A. The probabilities of leukemia-free survival by HSC source and donor-recipient HLAmatch for patients in remission at transplantation: the 2-year probability of leukemia-free survival after transplantation of 4-6/6 HLA matched UCB, 8/8 HLA matched PBPC, 8/8 HLA matched BM, 7/8 HLA matched PBPC and 7/8 HLA matched BM was 44%, 50%, 52%, 39% and 41%, respectively B. The probabilities of leukemia-free survival by HSC source and donor-recipient HLAmatch for patients who were not in remission at transplantation: the 2-year probability of leukemia-free survival after transplantation of 4-6/6 HLA matched UCB, 8/8 HLA matched PBPC, 8/8 HLA matched BM, 7/8 HLA matched PBPC and 7/8 HLA matched BM was 15%, 17%, 17%, 17% and 14%, respectively 
